Tunable electronic lenses using gradient polymer network liquid crystal ͑PNLC͒ cells were demonstrated. By changing the photomask pattern, both positive and negative lenses were fabricated. The advantages of such a PNLC lens are low operation voltage, large aperture size, and simple electrode design. To overcome the polarization dependence, stacking two orthogonal homogeneous PNLC cells is considered. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1534915͔
Liquid crystal ͑LC͒ adaptive lenses are attractive for a variety of applications in machine vision, photonics and eye glasses. Several approaches have been developed for obtaining tunable focus LC lenses. [1] [2] [3] [4] [5] [6] [7] [8] [9] The first type of LC lens is driven by an inhomogeneous electric field which leads liquid crystal to exhibit lens-like gradient refractive index distribution. [1] [2] [3] [4] [5] [6] This type of LC lens is often called microlens because it is difficult to scale up the lens aperture. The second type LC lens is driven by a homogeneous electric field. Examples include surface relief microlens, 7 Fresnel diffraction lens, 8 as well as polymer stabilized LC lens which was fabricated by using Gaussian-shaped laser beam. 9 However, the second type lens is also difficult to scale up aperture. The major advantage of the homogeneous electric field approach is the simple driving electronics. The electrode is a continuous indium tin oxide ͑ITO͒ film, not discrete pixels. A uniform voltage is applied to the cell to generate refractive index gradient.
Recently, we have demonstrated a tunable LC prism and lens using a gradient refractive index nanoscale polymerdispersed liquid crystal ͑GRIN PDLC͒ device. 10 The GRIN PDLC lens can have positive or negative focal length depending on the pattern of the photomask. Owing to the nanoscale LC droplets involved, the GRIN PDLC lenses are highly transparent in the whole visible region, independent of polarization, and has ϳ100 s response time. The shortcoming is that it requires a relatively high ͑ϳ100 V rms ) operation voltage.
To lower the operation voltage, in this letter we present tunable negative and positive LC lenses using inhomogeneous polymer network liquid crystal ͑PNLC͒ cells. The gradient refractive index of the PNLC cells is formed by exposing an UV light through a patterned photomask. The higher UV exposure region results in a higher polymer concentration and smaller LC domains so that its threshold voltage is higher. 11 When a uniform voltage is applied to the cell, the gradient LC director distribution is generated. In this approach, the LC concentration exceeds 95% so that the operation voltage is low. Figure 1 illustrates the fabrication process of a negative PNLC lens. The key element is the patterned photomask. To obtain a PNLC cell with an inhomogeneous centrosymmetric polymer network profile, a circular continuously variable optical density filter ͑L32-700, Edmund Optics͒ was used as the photomask. The radius of the mask is 1.87 cm. The optical density ͑OD͒ decreases outward radically from a maximum ODϭ1.0 at the center to ODϳ0.04 at the edges. When the uniform UV light ͑Loctite model 98016͒ passes through the photomask, the output intensity varies in parabolic profile across the sample. The area with a stronger UV light would accelerate the polymerization process and produce a higher polymer concentration. Conversely, the area with a weaker UV exposure would have a lower polymer network concentration. As a result, a polymer network with inhomogeneous centrosymmetric morphology is formed.
This centrosymmetric PNLC morphology leads to a concave refractive index profile which functions as a negative lens. When a uniform electric field is applied, the LC directors are reoriented to different degrees. The area with a looser network packing ͑center͒ has a lower threshold voltage than that of a denser zone ͑edges͒. Thus, the concave refractive index is formed. As the applied voltage increases, the curvature of the gradient lens decreases. In the high voltage regime, nearly all the LC directors are aligned along the electric field direction. The gradient no longer exists and the lens effect vanishes.
In our experiments, we first fabricated a negative lens PNLC cell using the photomask shown in Fig. 1 . We mixed 3% UV-curable monomer BAB6 ͑containing 2 wt % photoinitiator IRG184͒ in a LC host ͑W-1331, ⌬nϭ0.229). The BAB6 monomer has a common rod-like structure with a reactive double bond at both sides. The LC/monomer mixture was injected to a homogeneous LC cell composing of ITO- At Vϭ0, a relatively uniform yellowish color was observed in the exposed circle ͑2 cm diameter͒. Outside this area, the LC/monomer was partially cured by the scattered UV light. The color of the photos is due to the phase retardation of the PNLC cell. The threshold voltage of the PNLC cell is V th ϳ1.5 V rms . Above this threshold, the birefringence color changes with the applied voltage. In our experiment, we found that the color change starts from the center and gradually expands to the boarders. This implies that the central area has a lower threshold voltage than that of the edges. As mentioned before, the weaker UV exposure leads to a lower polymer concentration which results in a lower threshold voltage. Figure 2͑b͒ shows the birefringence color of the PNLC cell at Vϭ2.8 V rms . The central area clearly has a different color from the borders. This confirms the expected gradient phase distribution. The steepness of the phase ͑or color͒ change depends on the photomask design. As the applied voltage is sufficiently higher than the threshold, the bulk LC directors are reoriented perpendicular to the substrates. Under such a circumstance, the PNLC appears black between crossed polarizers, as shown in Fig. 2͑c͒ .
The inhomogeneous network size distribution is due to the phase separation process, which is different from the conventional PNLC. In the inhomogeneous PNLC, the polymerization rate starts preferentially from the border of the irradiated spot and propagates toward the center. The consumption of monomers in these regions lowers the chemical potential. This pushes the monomers to diffuse from low to high intensity region. On the contrary, the LC molecules diffuse from high to low intensity direction to balance the chemical potential. 12 As a result, in an inhomogeneous PNLC sample, the network size and their concentration both exhibit gradient distributions. The LC-rich region has a slightly larger LC domain and higher LC concentration.
In order to quantitatively characterize the spatial phase profile of the inhomogeneous PNLC cell, we chose five spots along a diameter for measurements. One is at the center of the photopolymerization zone, two are at half-way to the boarders and two are near the borders. At each spot, we measured the voltage-dependent transmittance using a He-Ne laser under the crossed and parallel polarizer conditions. From the measured transmittances, phase retardation was calculated. 13 Results are depicted in Fig. 3͑a͒ . In Fig. 3͑a͒ , a small but positive phase difference (⌬␦ ϭ␦ center Ϫ␦ border ϳ0.2 ) is observed at Vϭ0. This positive ⌬␦ is mainly due to the cell gap nonuniformity. The cell gap at the center and boarder was measured to be 16.45 and 16.10 m, respectively. This difference could explain the observed positive ⌬␦. As the applied voltage increases, both ␦ center and ␦ border decrease and ⌬␦ becomes negative due to the voltage-induced LC director reorientation. At V ϭ2 V rms , ⌬␦ϳϪ0.32 and the PNLC cell functions like a negative lens. As the applied voltage continues to increase, the phase gradient is gradually flattened. At Vϳ30 V rms ͓Fig. 2͑c͔͒, ⌬␦ is diminishing because the LC directors in the whole cell are aligned along the electric field direction.
To estimate the focal length ͑F͒ of this negative lens, we choose the PNLC cell at 2 V rms as an example. The effective focal length is related to the lens radius r, wavelength , and phase difference ⌬␦ as: Fϭr 2 /⌬␦. In our experiment, r ϭ0.8 cm, ϭ0.633 m, and ⌬␦ϭϪ0.32 . Thus, the calculated effective focal length is around FϳϪ310 m. Such a long focus lens is still useful for astronomy applications. To shorten the focal length, it is necessary to sharpen the phase gradient, i.e., ⌬␦. For example, we could enlarge the optical density difference between the center and the edges of the photomask, use a high birefringence LC mixture and optimize the monomer concentration.
By reversing the optical density pattern of the photomask depicted in Fig. 1 , we then fabricated a tunable positive lens. The fabrication process of the cell remains the same except that the diameter of the irradiated circle is 1.7 cm and the monomer concentration is 5 wt %. We also viewed the sample between crossed polarizers and took three photographs as shown in Figs. 2͑d-f͒ at different voltages. At V ϭ0, the color was not very uniform. Again, this results from the cell gap nonuniformity. As the applied voltage exceeds the threshold, color starts to change from the borders and gradually extends to the center, like a swallowing spot. On the contrary, decreasing voltage changes the birefringence color from center to borders, like a vomiting spot. This cell acts as a positive lens.
The measured phase retardation of the cell is plotted in Fig. 3͑b͒ . At 2 V rms , ⌬␦ϭ0.8 which corresponds to a 120 m focal length. As the voltage increases, ⌬␦ decreases so that the focal length increases. A too high monomer concentration would result in an increased light scattering and decreased phase change and is, therefore, not favorable.
Similar to a conventional PNLC, our PNLC lens is polarization dependent, i.e., it works for a linearly polarized light. To overcome this polarization dependence, we could stack two cells with orthogonal alignment directions. If the top cell is designed for the extraordinary ray, then the bottom cell would be for ordinary ray. Since the lens is a single pixel device, the pixel registration problem as occurred in a high resolution display is not relevant.
In conclusion, we have demonstrated tunable positive and negative lenses using PNLC cells. The gradient refractive index is manipulated by a patterned photomask and by controlling the polymer network formation. By using this technique, the operating voltage of the PNLC lens is very low. Moreover, large lens aperture can be fabricated relatively easily.
